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The Reaction of Niobium Clusters with Some Benzene
Derivatives and Unsaturated Non-aromatic Hydrocarbons

Li Song and M. A. El-Sayed

Department of Chemistry and Biochemistry
University of California, Los Angeles

Los Angeles, California 90024-1569

Abstract

The chemical reactions of small gas-phase niobium clusters with
benzene derivatives and a few unsaturated non-aromatic reagents are studied
by the supersonic beam-laser ablation method to form the clusters, and the
laser-mass spectrometric technique for detection. The molecular addition and
dehydrogenation reactions of these reagents are compared to those for
benzene. New reaction channels are observed for the reaction of niobium
clusters with pyridine, pyrimidine and 1,5-hexadiyne. The loss of CoHz and
Hz is observed to be a favorable product channel for the reaction with some of
the small niobium clusters. In the reaction of niobium clusters with
acetaldehyde, all of the reaction channels leading to the formation of stable
molecules such as CH3zOH, CO, Hp, HCHO, H20 and CH4 are observed. In all
the reactions studied, the observed reaction product distributions are found to
be greatly determined not only by the stability of the reactant but also by that of

the neutral molecular product formed along with the cluster product detected.




introduction

Metal clusters have been a focus of research interest for many years.
The technological importance of metal clusters ranges from areas such as
catalysis! to materials processing.23 Fundamentally metal clusters are
interesting because they are between atoms and the bulk materials. By
studying the detailed properties of metal clusters as a function of cluster size,
transitions from atomic properties to bulk properties might be better
understood. Over the past few years, research has been dedicated to
investigate many properties of metal clusters as a function of cluster size. The
following techniques have been used to study metal clusters: mass intensity

distribution as a function of cluster size to identify "magic numbers";4-8

measurement of electronic properties including ionization potentials®-13 and. ¥ *°* I

electron affinities and photoelectron spectroscopy;14-17 measurements of
magnetic propenrties;18-19 photodissociation of clusters;20-21 jnvestigation of
collision induced dissociation.22-25

Chemical reactivity of metal clusters as a function of cluster size has
also been investigated. Due to its fundamental importance especially, the
reaction of Hz with transition metal clusters of V, Fe, Ni, Pt,Nb, Cu and Co has
been extensively studied.26-33 Correlation of the chemical reactivity with the
ionization potentials of the bare clusters has been suggested.30 However, the
importance of the changes in the cluster geometry in determining both the
ionization potentials and the reactivity was also suggested.34 The importance
of cluster geometry was also inferred in the reaction of Fe clusters with NH3.35

The reactions of metal clusters with CO and N2 were also studied.29.36
In the reaction with N2, the reactivity pattern was found to be similar to that

observed for H2. In contrast, CO showed only a monotonic increase with




cluster size. One explanation for the dramatic differences between these two
isoelectronic species could be that the dissociative chemisorption of nitrogen
is activated but CO chemisorption takes place without any significant barrier.

Due to the importance of C-H bond activation, there have been quite a
few studies on the chemical reactions of metal clusters with aliphatic34.38 and
aromatic34.39-40 hydrocarbons. It was found that the reaction probability is
much higher for unsaturated hydrocarbons.41

In the reaction of niobium clusters with benzene34.39 and deuterated
benzene40, molecular addition as well as total dehydrogenation products
were observed. The observed dehydrogenation probability was found to
require a minimum of 4 or 5 atoms in the cluster and to vary with cluster size,
the ionization laser intensity39 and the ionization laser wavelength.40

From the reaction of niobium clusters with several cyclic hydrocarbons,
it was shown that at least one double bond in the reactant is needed for the
addition and dehydrogenation reaction to be observed to occur.41 From the
extent of dehydrogenation, it was concluded that the stability of both the
reactant and the product is also very important in cluster chemistry.

In our previous studies on the reaction of Nb clusters with BrCN, it was
found that the stereoselectivity drops very rapidly as the size of the cluster
increases.42:43 The selectivity levels off for x>7 ( x is the number of niobium
atoms in a cluster ). In the reaction of Nb clusters with CO»>, the molecular
addition reaction was found to have a size threshold near x=5 while the
oxygen abstraction showed no size threshold.44 The anti-correlation between
the oxygen abstraction and the molecular addition leads to the conclusion that
these two reaction channels are competitive. However, the bromine

abstraction and the dehydrogenated molecular addition ( a reaction in which




the addition is followed by dehydrogenation ) in the reaction of Nb clusters
with unsaturated bromopropenes were found to be non-competitive,
suggesting these two channels result from different collisions.45 In the
reaction of vanadium clusters with halopropenes both halogen atom
abstraction and displacement were observed. The latter lead to the
observation of products with an odd number of hydrogen atoms.46

In the present work, we report studies on the chemical reactions of
niobium clusters ‘with substituted benzene (chlorobenzene, benzonitrile,
pyrimidine and pyridine) and non-aromatic unsaturated hydrocarbons
(hexadiene, hexatriene and acetaldehyde). From the results of all these
reactions, one concludes that in addition to the stability of the reactants, the
stability of the neutral molecular products formed along with the cluster

product greatly determines the observed reaction channels.

Experimental

The experimental details have been described elsewhere.3° Briefly,
niobium clusters are generated by laser vaporization ( 6 mJ of 355 nm laser
light ) of a solid niobium rod in a pulse of helium. The metal atom plume
formed from the niobium rod by the laser beam is entrained and quenched in
the helium pulse where condensation / nucleation results in cluster formation.
The clusters are then expanded into a fast flow reactor where a pulse of
reactant gas mixture overlaps with the metal cluster beam. The reactant is
seeded in helium carrier gas of 10 to 20 psi. This reactant-He mixture is
introduced into the reactor through a pulsed valve. The total amount of the
reactant can be controlled by changing the electrical pulse width for the

General valve. The timing between the vaporization laser and the reactor




pulser is adjusted to maximize the product signal. The retention time of the
metal clusters in the reactor is approximately 120 pus. The cluster mixture is
expanded into a high vacuum region after leaving the flow reactor where a
sudden decrease in density and temperature stops further reaction from
oceurring.

The cluster expansion passes through a 2-mm skimmer to form a well
collimated molecular beam. Detection of the niobium clusters and their
reaction products is done in a time-of-flight mass spectrometer with an
unfocused ArF excimer laser ( Lambda Physik EMG 101) as the ionization
source ( 193 nm, 6.4 eV). The fluence of the ionization laser was kept low
(below 2 mJ/ecm?) in order to minimize the effect of two-photon absorption and
dissociation which complicate the interpretation of the observed mass
spectrum. The signal intensity of the products and the unreacted metal
clusters was maximized by adjusting the timing of the ionization laser and that
of the pulsed reactor valve.

The photoions formed are accelerated and analyzed by a 1.7 m TOF
mass spectrometer and collected on a microchannel plate ion detector. The
signal is amplified by a video amplifier (Pacific Instruments) and digitized by a
LeCroy 8828 transient digitizer, and stored in an IBM compatible computer
(Acer 1100). The spectrum is then analyzed and plotted as a function of flight
time.

Results and discussion
A. The reaction of Nby with chlorobenzene

A mass spectrum of Nby after reacting with chlorobenzene in the flow

reactor is shown in Figure 1a. The mole fraction of chlorobenzene is 0.01 and

the total backing pressure of He is 5 psig. From the mass distribution, no



product was observed for x=1 ( the monomer), whereas for the dimer,
relatively strong NbaCgH3Cl and NboCgHCI peaks were observed,
suggesting the loss of one and two Hz molecules. The molecular addition
product NboCgHsCl was not observed under the same conditions.

For larger clusters (x23), the mass resolution is gradually lost due to the
overiap of the product and the cluster monoxides. Dehydrogenation product
of the form NbxCgHCI was partially resolved up to x=7. In reality, the
resolution is not good enough to distinguish between Nb2CgHCI and
Nb2oCgCl. However, according to our chemical intuition and results observed
for smaller clusters, it is believed that only the loss of even number of
hydrogen atoms is possible during the dehydrogenation process.

In this experiment, abstraction products such as NbxCl and NboCgHs
were not observed. This indicates that the abstraction reaction of either Cl or
CeHs is a relatively higher energy channel than the addition-dehydrogenation
reaction. Unfortunately, the limitation in our experiment is the low vapor
pressure of the organic sample. A heated pulsed nozzle is required in order to
get higher vapor pressures and observe other reaction products.

Benzene was found to add molecularly34.38-39 to Nby for x<3.
Dehydrogenation was observed to occur for x24. In the case of
chlorobenzene, dehydrogenation was observed for all molecular addition
products for x22. Chlorine substitution seems to catalyze the dehydrogenation
process from the aromatic ring. This could be explained by the changes either
in the thermodynamic factor such as the enthalpy of dehydrogenation, or
kinetic factor such as the activation energy barrier, or
both. Since the structure of the product is unknown, none of the quantities

mentioned above can be evaluated.




According to the results of benzene adsorbed on metal surfaces at high
temperatures,47 benzene dissociates first and then dehydrogenation occurs.
Therefore, NbxCgHCI might very well rcpresent NbyCg and NbzHCI, where
y+z=x. The NbxCgH3Cl cluster product could be composed of NbyCg, Nb;HCI
and Nbyx2H, where y+z+k=x. If this is the case, then the first transition upon the
addition of the organic molecule to Nby is the formation of the carbide type
species plus the formation of NbxH2 or NbxHCI. It is quite possible that such a
composite cluster is hot. If the cluster cools off by evaporating molecular
hydrogen, the so-called molecular addition products will not be observed. HCI
is probably bonded more strongly to Nby than Haz. This might account for the
lack of the observation of NbyCg at the temperatures of the clusters formed in

our experiment.

B. The reaction of Nby with benzanitrile ({ CgHsCN)

Although the over all product intensity is relatively weak, the molecular
addition product, the multiple molecular addition product, and the
dehydrogenation product were observed for the reaction of benzonitrile with
niobium clusters.

Figure 1b shows a product distribution spectrum after CeHsCN was
introduced into the flow reactor. The vapor pressure of CgHsCN at room
temperature was seeded in 5 psi He and the mixture was allowed through the
reactor pulsed valve ( the mole fraction of CgHsCN is about 0.002). No
molecular addition product was observed for the niobium monomer whereas
a relatively strong Nb(CgHsCN)2 mass signal was observed. The absence of
NbCgHsCN could be due to its photochemical instability upon the absorption

of the ionization laser photon. The bi-molecular addition product might be




photochemicaly more stable than the mono-molecular addition product. This
could be due to differences in the two photon crosssections or else to the fact
that more vibrational modes are available for the former to dissipate the
excess photon energy than the latter.

Relatively strong mass signals that correspond to NboCgHsCN and
Nb3CegH3CN were observed.  Weak "total" dehydrogenation products
NbxC7HN were observed for x>4.

The product distribution pattern for the reaction of niobium clusters with
benzonitrile was very similar to that for chlorobenzene. No abstraction
products of CN (NbyCN) or the phenyl group (NbxCeHs) were observed. The
dehydrogenation of benzonitrile did not start until x=3 compared to
chlorobenzene which started to dehydrogenate at x=2.

In the reaction of niobium clusters with BrCN, both Br and CN
abstraction products were observed.42 Cl abstraction product was also
observed in the reaction of Nbyx with chloropropene. The absence of Nb,Cl in
the reaction of Nby with chlorobenzene as well as the absence of Nb,CN in
the reaction of Nby with benzonitrile could be due to the difference in the types
of collisions involved. In the abstraction of ClI or CN, an impulsive collision
with these functional groups give rise to the reaction product. In the reaction
with the benzene derivatives, however, a complex formation with the r-system
of the phenyl group could give rise to the observed addition-type reaction

products.

C. The reaction of Nbx with pyrimidine (C4H4N2)
A mass spectrum of niobium clusters and their reaction products with

pyrimidine in the flow reactor is shown in Figure 2. The vapor pressure of
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pyrimidine at room temperature was seeded in 5 psig He and pulsed into the
reactor. For x=1, only a very weak molecular addition product NbC4H4N2 was
observed in contrast to a stronger NbCoH2N2 mass peak. The latter is a result
of the loss of a stable C2H2 molecule from the molecular addition product. The
loss of CoH2 was also observed for the reaction of Nby with some other
aromatic compounds to be discussed later. This strongly suggests that the
aromatic ring opens up followed by the eliminatior. of C2Ha.

For the niobium dimer and the trimer clusters, the product intensity was
very weak. No assignment was made due to the weakness of the signal.
However, for clusters with x24, a relatively strong total dehydrogenation
corresponding to product peak NbyC4N2 was observed. For x=4 and 8, the
total dehydrogenation product was the only product observed. This
observation is quite different from the dehydrogenation of benzene on niobium
clusters where relatively strong molecular addition products were observed for
x=4, 8 and 10.34.38-39 This means that the extent of dehydrogenation not only
depends on the structure of the metal cluster, but also on the structure of both
the reactant and the product.

One might explain the above results as follows:

Nbx + C4H4Np ---------- >NbyCoNoH2 + CoHp------ a

for x=1, the product is cooled off by evaporating C2Hz. For larger clusters,
evaporation of 2H3 is sufficient to cool off the cluster product. Apparently,
reaction b is more favorable for the reactions involving larger clusters. This
could be due to the kinetic and geometric requirement for the total
dehydrogenation process. The structure of NbxC4N2 is not known. There

remain many open questions. Could the structure be NbyC4-Nb N2 (y+z=x)?




Is N2 present as N=N bonded or adsorbed to Nb; or do we have a C4N> chain
or cyclic ring bonded to Nby. Until theoretical and spectroscopic investigations

of these clusters are undertaken, we cannot teii ror sure.

D. The reaction of niobium clusters with pyridine and deuterated pyridine

The reaction product spectra of Nby with pyridine and deuterated
pyridine showed some similarities with that of benzene. However, more
reaction channels were observed for pyridine on account of the more stable
products that can be formed.

A spectrum of Nby after reacting with pyridine (with a mole fraction of
0.08) and deuterated pyridine is shown in Figure 3a and 3b, respectively. The
use of deuterated pyridine enables us to distinguish between species such as
C2H> and CN which otherwise have identical mass units. For the mono-
molecular addition product, only the "total" dehydrogenation product
Nb,CsHN (Nb,CsDN) was observed for x>3. For small clusters, the multiple
molecular addition product and its partial dehydrogenation products as well as
products due to the loss of some other molecules were observed. The results
can be summarized as follows:
(1) Mono-molecular addition product of the form NbxCsHyN ( y=1, 3, 5) was
observed for x21. For the niobium monomer, no dehydrogenation was
observed for the molecular addition product whereas for the niobium dimer,
both Nb2CsHsN and NboCsH3N were found. The latter was a result of losing
one Hz molecule from the molecular addition product. For x>3, only
NbxCsHN, the product with maximum extent of loss of molecular hydrogen (
or referred to as the "total” dehydrogenation product) was observed. So

partial dehydrogenation starts at x=2, and maximum dehydrogenation at x=3.
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The number threshoid for the total dehydrogenation to occur on niobium
clusters is therefore shifted from 4 for the reaction with benzene to 3 for the
reaction with pyridine.

(2) Bi-molecular addition product ( in which two reactant molecules are added
to one niobium cluster molecule ) of the form Nbx(CsHsN)(CsHyN) (y=1,3,5)
was also observed. For x=1, both Nb(CsHsN)2 and NbCsHsNCsH3N were
observed. Therefore, partial dehydrogenation was observed to start at x=1 for
the bi-molecular addition products. For x=2, Nb2CsHgNCsH3N was the
dominant product. For x23, the addition product gave dominantly
NbxCsHsNCsHN. Again, the maximum dehydrogenation of one of the
pyridine molecules was complete by x=3 if one assumes that the loss of Hz
molecules results from only one of the pyridine molecules.

For each of the bi-molecular addition products, products due to the loss
of C2H2 followed by further dehydrogenation ( loss of nHgz , n=1,2) were also
observed. For x=1, strong NbCsHsNC3H3N (loss of Co2Hz) and weak
NbCsHsNC3HN (loss of CoHo+H2 or loss of CoHy) were observed. For x=2,
only NbCsHsNC3HN(loss of CoHa+H32 or loss of CaHy) was observed. From
x=3 to 5, NbxCsH3NC3HN was observed. The product of this form was either
due to the loss of CoHs + 2H> , the loss of CoH4 + Ha and/or the loss of a
C2Hg. The former is more likely because we observe that more
dehydrogenation occurs on larger clusters. Furthermore, in the latter process
hydrogen atoms from different pyridine molecules have to come together in
order to form a CaHg molecule.

(3) For the tri-molecular addition product, relatively strong Nb(CsHsN)3 and
Nb(CsHsN)2CsHaN were observed. For x=2, Nb2(CsHsN)2CsH3N was
observed. For x=3, Nb3(CsHsN)2CsHN was observed.

11



As observed for the bi-molecular addition product, products due to the
loss of C2H2 followed by further dehydrogenation were also observed for the
tri-molecular addition products. For x=1, relatively strong Nb(CsHsN)2C3H3N
was observed. From x=2 to x=4, weak Nby(CsHsN)2C3H3N and
Nbx(CsHsN)2C3HN were observed.

In a product of the form Nbyx(CsHsN)yCsHN (y=1,2), the loss of two Hz
molecules could result from the same pyridine molecule or from two different
pyridine molecules. In the former, a “total” dehydrogenated pyridine molecule
is formed. In the latter, two partially dehydrogenated pyridine molecules are
formed. Further spectral methods are necessary in order to identify these
species.

It is interesting to note that in the mono-molecular addition product, the
loss of C2H2 and other molecules was not observed. However, in the bi- and
tri- molecular addition product of the form Nbx(CsHsN)2 and Nbx(CsHsN)3, the
loss of CoH2 + nH2 ( n=0,1,2) were observed for x ranging from 1 to 4. This is
very difficult to explain at the moment. It is possible that the loss of CoHgp is
photochemically induced which might be more probable for polypyridine
cluster products as a result of the higher multiphoton absorption cross section
at the ionization laser wavelength. Another explanation might be that fact that
the formation of C2oH2 is such an exothermic channel that unless the cluster is
sufficiently large, the cluster products cannot be stabilized in the absence of
binary collisions. The presence of an extra one or two pyridine molecules in
the cluster could act as a collision partner to stabilize the products of such an
exothermic channel.

Although NbCsHsN showed no dehydrogenation as discussed earlier,

Nb(CsHsN)2 showed significant dehydrogenation. From Figure 3a, it can be

12




seen that NbCsHsNCsH3N is about 40%, and Nb(CsHsN)2 is about 60% of
the total bi-molecular addition product intensity. Therefore, the extent of
dehydrogenation is not only affected by the size of the metal cluster, but also
by the number of the organic molecules in the cluster product.

(4) For the small clusters and their products mentioned above, much less
dehydrogenation was found when pyridine was replaced by deuterated
pyridine. This can be seen from Figure 3b. This kind of isotope effect was
also observed for deuterated benzene before.40

From the observation above, it can be seen that the loss of CoHo»
(C2D32) is a very favorable channel in the multiple molecular addition products
of Nb clusters with pyridine. In the reaction of Nbx with benzene, this channel
was never observed. This is not surprising as pyridine is known to be
chemically different from benzene.48 The presence of nitrogen in the aromatic
ring affects the type of bonding of the products with niobium as well as the
case by which the ring ruptures.

The above results strongly suggest that the "total" dehydrogenation
probability has a niobium number threshold, as was concluded for benzene. If
dehydrogenation occurs as a result of boiling off Hz to cool the cluster
products, then one would expect to observe the loss of Ho molecules with a
higher probability on smaller than on larger clusters. However, the
exothermicity of the reaction depends on the number of C-Nb bonds formed in
the reaction product. This increases with x ( the number of atoms in the metal
cluster). These opposing effects could lead to a threshold number of x24.
This number thus arose34 from the formation of a minimum number of C-Nb

bonds needed to energetically drive the reaction. A geometric factor that is

13




required to activate the proper number of the C-H (C-D) bonds can also be

important in determining this number.34

E. The reaction of Nby with 1,5-hexadiyne and 1,3,5-hexatriene

Figure 4a shows a product distribution of Nby when the vapor of 1,5-
hexadiyne was seeded in 5 psig He and pulsed into the flow reactor ( the mole
fraction of 1,5-hexadiyne is 0.2). All of the molecular addition products are
apparently dehydrogenated to some extent.

For the mono-molecular addition product, dehydrogenation was
observed to start at x=1 and the total dehydrogenation was observed to start at
x=3. The bi-molecular addition product was observed for x=1 and 2. Partial
dehydrogenation of the 1,5-hexadiyne molecule was observed with the loss of
H2, 2H2, 3H2 for the di-molecular addition product. The loss of C2H2 and
other small molecules were also observed.

For x=1, up to three hexadiyne molecules were observed in the addition
products. NbCgH4 was observed which is due to the loss of one Hz molecule
from the original molecular addition product. Nb(CgHg)2CeH4,
Nb(CeHg)2C4H2, Nb(CgHg)2C4, Nb(CgHg)2C3, Nb(CeHe)2C2, Nb(CeHe)2,
NbCgHeCesH4, NbCeHegC4H2, NbCgHgC4 were observed for the niobium
monomer. Losses of Ha, CoH4, C2oHg, C3Hg, C4Hg were possible to account
for the products mentioned above. It is not clear whether the loss of C4Hg is a
sequential process of losing one Hp and two CoH2 molecules or just a single
step of losing one C4Hg. It is quite possible that all or most of these products

result from the photodecomposition of larger ionic cluster products.
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For x=2, Nb2CgH2 and Nb2C4H> were observed. The former is a result
of losing two H2 molecules from the molecular addition product NboCgHg, the
latter a result of losing a CaH4 or a CoHz and one Ha from Nb2CgHe.

For x=3, about 60% of Nb3CgH2 and 40% of Nb3Cg were observed.
The product for x=4 was weaker but apparently it had contribution from both
Nb4CeH2 and NbsCg. Starting at x=5, only the total dehydrogenation product
NbxCe was observed.

Although 1,5-hexadiyne is a structural isomer of benzene, it undergoes
partial dehydrogenation much more easily than benzene due to its non-
aromaticity. As a result, all of the products were partially or totally
dehydrogenated. Also, the loss of small molecules such as Hp, C2Hg4, CoHg,
C3Hg, C4Hg might be responsible for the observed product distribution. It
should be mentioned, however, that if these and the partial dehydrogenation
products result from thermal or photodissociation of larger clusters, these
results then might suggest that larger cluster product of Nby with 1,5-
hexadiyne is less stable to decomposition than the product of Nby with
benzene.

Figure 4b shows a spectrum of Nby when the vapor of 1,3,5-hexatriene
at room temperature was seeded in 5 psig He and pulsed into the flow reactor.
For x=1, NbCgHg (strong), NbCegH4 (very weak), NbCgHgCgHg (weak),
Nb(CeHe)2 (strong) and NbCgHgCgH4 (weak) were observed. The loss of one
H2 molecule is a very favorable channel. For x=2, NboCgHg, Nb2CgH4 and
Nb2C4H4 were observed. All of the three mass signals were relatively strong.
Weak Nb3CgH4 mass signal was observed for the trimer. Weak NbsCgHa,
NbsCgH2 and NbsCg were observed for the tetramer. Complete

dehydrogenation was observed for all cluster sizes for x24.
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F. Comparison of dehydrogenation probability in the diyne and the triene with
benzene

In order to compare the extent of dehydrogenation of 1,5-hexadiyne
and 1,3,5-hexatriene with benzene, table 5-1 lists the m values of the
strongest NbxCegHm product mass signal intensity for each compound for
different cluster size x.

From this table, one can see that in 1,5-hexadiyne resonance between
the n-electrons in the triple bonds is absent, resulting in the lowest hydrogen
content in the addition product. On the other hand, benzene has an aromatic
structure with strong resonance (i.e. high stability), and its hydrogen content in
the addition product is the highest. Furthermore, benzene shows very little
dehydrogenation on cluster Nbg, whereas all the other compounds do not
show this behavior. This suggests that due to the benzene stability, the driving
force for the reaction is not sufficiently strong that fluctuations in the cluster
stability with size can be detected. 1,3,5-Hexatriene has a n-n resonance but
is not aromatic, so its hydrogen content in the addition product is in between
(the resonance energy of benzene is 36 kcal/mol while the resonance energy
of 1,3,5-hexatriene can be estimated to be 10 kcal/mol48).

In the reaction of Nby with cyclohexene and cyclohexadiene,4! only
NbxCgHe was observed for x<3. The CgHg species was believed to be
benzene. On larger clusters, NbxCegHm( m=4,2,0) was observed. No product
resulting from the loss of C2oH2 was observed. In this study, 1,5-hexadiyne
and 1,3,5-hexatriene were found to undergo differing degrees of
dehydrogenation on small clusters (x<4) and total dehydrogenation on larger

clusters. Further, products resulting from the loss of C2H2 + H2 were observed
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as a new reaction channel which was not found in the reaction of niobium
clusters with the cyclic hydrocarbons. If not due to the differences in the
cluster temperature, this observation could be due to the fact that both
cyclohexene and cyclohexadiene can dehydrogenate to form a very stable
benzene molecule, while 1,5-hexadiyne and 1,3,5-hexatriene cannot fold over
to form a stable benzene molecule on small niobium clusters. The fact that on
larger clusters NbyCg was observed in the reactions with cyclohexene and
cyclohexadiene as well as with 1,5-hexadiyne and 1,3,5-hexatriene might
suggest that on large niobium clusters, the stability and the structure of the
final product is more important in determining the outcome of the reaction
channel than that of the reactant. On the other hand, different reaction
channels were observed on small niobium clusters (x<4) for the cyclic and
chain hydrocarbons. This suggests that the stability and the structure of the
reactant and product are important in determining the final product distribution.
Therefore, the relative importance of the factors governing the reaction
process might change as the size of the metal cluster changes.

The reactivity of metal clusters and the dehydrogenation of an organic
molecule are obviously affected by the structure of the metal cluster and the
structure of the organic compound as well as that of the product. After
understanding all of the details of these reactions, it might be possible to
establish a systematic way to probe the change in the structure of the metal
clusters. The probing molecules should not be too reactive or too inert,
otherwise the structure change in metal clusters as a function of cluster size
might not be observed. This technique is not expected to be as powerful as
the structural measuring techniques such as the X-ray diffraction or electron

diffraction,49 but in the absence of such studies at the moment, probing
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structural changes by changes in chemical reactivity is shown to be

useful.35.50

G. The reaction of Nby with acetaldehyde (CH3CHO)

Figure 5 shows a mass spectrum of niobium clusters and their reaction
products with acetaldehyde ( with a mole fraction of 0.3). In this spectrum,
many products are observed.

For x=1, no product was found. For x=2, Nb2C (loss of CO+2H>) ,
Nb2CH2(loss of CO+H2), NboCHg4(loss of CO), NbaCa(loss of Ha+H20),
Nb2C2Hz(loss of H20) and Nb2CO (loss of CH4) were all observed. All of
these products result from many different reaction channels. For larger
clusters, other new product channels were observed beside the ones
mentioned above. For example, for x=3, Nb3C20, as well as Nb3C30,
Nb3OC20, Nb3O2C20 and Nb3(C20)2 were observed. The observation of
Nb3(C20)2 and Nb3C30 suggests reactions of Nby with at least two CH3CHO
molecules. Itis not certain whether or not the molecular addition product of the
form NbxCH3CHO was produced as the mass peak of this product overiaps
with that of NbxCO32. Isotopic substituted CD3CDO would help to clarify this
problem.

The product fofmation channels can be summarized in the following
equations: ( s, m, and w indicate the relative product intensity being strong,

medium or weak, respectively)
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Nby + CH3CHO =------- >NbxC20(s) + 2H2
--------- >NbyC(s) + CH3OH
------- >NbyCO(s) + CH4
......... >NbxCHa(w) + CO
......... >NbxCa(s) + Hz + H20
......... >NbyxCHz(m) + HCHO
--------- >NbxCzHa2(w) + H20

NbxO + CH3CHO --------- >NbyCO2(w) + CHy4
--------- >NbyxC202(m) + 2H>

NbxO2 + CH3CHO --------- >NbxO2C20(w) + 2H2
NbxC20 + CH3CHO ----------- >Nby(C20)2(m) + 2H>
NbyC + CH3CHO  ---eveeee- >NbyxC30(m) +2H;

The above equations present only some of the possible processes that can
account for the observed mass peaks. Indeed, all the stable molecules (
CH3O0H, CO, H2 , HCHO, H20, CHg4 ) are observed to be released from the
reaction adduct, suggesting that the channels forming these products are

energetically similar. Since no structural information is available, the product

written as CH3OH, could be CO + 2Hz or HCHO + Ha.
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Conclusions

The reactions of benzene derivatives and unsaturated non-aromatic
hydrocarbons provide some insight into the dependence of the reaction
product distributions and the possible reaction mechanisms on the reactant
structure. The dehydrogenation probability is found to depend on the size of
niobium cluster as well as on the structure and stability of the organic
molecule. Substituted benzenes such as chlorobenzene and benzonitrile
form molecular addition type reaction products followed by dehydrogenation
to different extents which depends on the size of the niobium cluster. In the
reaction of Nby with pyridine, products due to the loss of CoH2 (C2D2) and Hz
are important channels for the multiple molecular addition products,
suggesting the opening of the aromatic ring. Due to the non-aromaticity and
lack of resonance in 1,5-hexadiyne, cluster products due to the loss of CaHp,
C3Hg and Hy are also observed to be important reaction channels. In the
reaction of Nby with acetaldehyde, all of the reaction channels leading to the
formation of stable molecules e.g. Hz, CO, CH30H, HCHO, H20 and CH4 are
observed. This suggests that in this case, stable product formation drives the
reaction. All of the above results suggest that the reactivity of the metal
clusters is determined not only by the structure and stability of the metal
clusters but also by those of the reagent molecules and the final product

molecules.
Acknowledgment

We would like thank the Office of Naval Research (Contract No.
N00014-89-J-1350) for financial support.

20




References

1. "Metal clusters in catalysis”, Gates, B.C.; Gucz, L.; Knozinger, H.; Eds.
Elsivier, Amsterdam, the Netherlands, 1986.

2. Araya, T.; Ibaraki, Y.; Hioka, S.; Okada, R.; Kanamaru, M. in "Physicas and
Chemistry of Small Clusters”, Jena, P.; Rao, B.K.; Khanna, S.N.; Eds., Plenum,
New York, 1987.

3. Fayet, P.; Granzer, F.; Hegenbar, G.; Moisar, E.; Pischel, B.; Woste, L.
Phys. Rev. Lett. 1985, 55, 3002.

4. Recknagel, E. Ber. Bunsenges. Phys. Chem. 1984, 88, 201.

5. Kappes, M.M.; Kunz, R.W.; Schumacher, E. Chem. Phys. Lett. 1982, 91,
413.

6. Knight, W.D.; Clemenger, K.; de Heer, W.A.; Saunders, W.A.; Chou, M.Y_;
Cohen, M.L. Phys. Rev. Lett. 1984, 52, 2141,

7. Kroto, HW.; Heath, J.R.; O'brian, S.C.; Curl, R.F.; Smalley, R.E. Nature,
1985, 318, 162.

8. Phillips, J.C. Chem. Rev., 1986, 86, 619.

9. Kappes, M.; Schar, M.; Radi, P.; Schumacher, E. J. Chem. Phys. 1986,
84, 1863.

10. Walstedt, R.E.; Bell, R.F. Phys. Rev. A, 1986, 33, 2830.

11. Knight, W.D.; de Heer, W.A.; Saunders, W.A. Z. Physik. D, 1986, 3, 109.
12. Rohlfing, E.A.; Cox, D.M.; Kaldor, A.; Johnson, J.H. J. Chem. Phys. 1984,
81, 3846.

13. Zakin, M.R.; Cox, D.M.; Whetten, R.L.; Tevor, D.J.; Kaldor, A. Chem. Phys.
Lett. 1987, 135, 223.

21




14. Zheng, L.S.; Karmer, C.M.; Brucat, P.J.; Yang, S.H., Pettiette, C.L.,
Craycraft, M.J.; Smalley, R.E. J. Chem. Phys. 1986, 85, 1681.

15. Taylor, K.J.; Pettiette, C.L., Craycraft, M.J.; Cheshnovsky, O.; Smalley, R.E.
Chem. Phys. Lett. 1988, 152, 347.

16. Yang, S.H.; Taylor, K.J.; Craycraft, M.J.; Conceicao, J.; Pettiette, C.L.,
Cheshnovsky, O.; Smalley, R.E. Chem. Phys. Lett. 1988, 144, 431.

17. Cheshnovsky, O.; Yang, S.H.; Pettiette, C.L., Craycraft, M.J.; Liu, Y.;
Smalley, R.E. Chem. Phys. Lett. 1987, 138, 119.

18. Cox, D.M.; Trevor, D.J.; Whetten, R.L.; Rohlfing, E.A. Kaldor, A. Phys. Rev.
B., 1986, 32, 7290.

19. Cox, D.M.; Trevor, D.J.; Whetten, R.L.; Rohlfing, E.A. Kaldor, A. J. Chem.
Phys., 1986, 84, 4651.

20. Bloomfield, L.A.; Freeman, R.R.; Brown, W.L. Phys. Rev. Lett. 1985, 54,
2246.

21. Brucat, P.J,, Zheng, L.S.; Pettiette, C.L.; Yang, S.; Smalley, R.E. J. Chem.
Phys. 1986, 84, 3078.

22. Emvin, K.; Loh, S.K.; Aristov, N.; Armentrout, P.B. J. Phys. Chem. 1983,
87, 3593.

23. Begemann, W.; Dreihofer, S.; Meiwes-Broer, K.H.; Luts, H.O. Z. Physik. D.
1986, 3, 183.

24, Jarrold, M.F.; Bower, J.E.; Kraus, J.S.; J. Chem. Phys. 1987, 86, 3876.
25. Hanley, L.; Ruatta, S.A.; Anderson, S.L. J. Chem. Phys. 1987, 87, 260.
26. Cox, D.M.; Zakin, M.R.; Kaldor, A. in "Physicas and Chemistry of Small
Clusters”, Jena, P.; Rao, B.K.; Khanna, S.N.; Eds., Plenum, New York, 1987.
27. Trevor, D.J.; Kaldor, A. ACS Symp. Ser. 1987, 333, 43.

22




28. Richtsmeier, S.C.; Parks, E.K.; Liu, K.; Pobo, L.G.; Riley, S.J. J. Chem.
Phys. 1985, 82, 3659.

29. Morse, M.D.; Geusic, M.E.; Heath, J.R.; Smalley, R.E. J. Chem. Phys.
1985, 83, 2293.

30. Whetten, R.L.; Cox, D.M.; Trevor, D.J.; Kaldor, A. Phys. Rev. Lett. 1985,
54, 1494.

31. Hoffman, W.F.; Parks, E.K.; Nieman, G.C.; Pobo, L.G.; Riley, S.J. Z Phys.
D 1987, 7, 83.

32. Kaldor, A.; Cox, D.M.; Trevor, D.J.; Zakin, M.R. in "Metal Clusters”, Trager,
F.; zu Putlitz, G.; Eds., Springer, Berlin, 1986.

33. Whetten, R.L.; Zakin, M.R.; Cox, D.M.; Trevor, D.J.; Kaldor, A. J. Chem.
Phys. 1986, 85, 1697.

34. St. Pierre, R.J.; EI-Sayed, M.A. J. Phys. Chem. 1987, 91, 763.

35. Parks, E.K.; Weiller, B.H.; Bechthold, P.S.; Hoffman, W.F.; Nieman, G.C.;
Probo, L.G.; Riley, S.J. J. Chem. Phys. 1988, 88, 1622.

36. Cox, D.M.; Reichmann, K.C.; Trevor, D.J.; Kaldor, A. J. Chem. Phys.
1988, 88, 111.

37. Whetten, R.L.; Cox, D.M.; Trevor, D.J.; Kaldor, A. J. Phys. Chem. 1985,
89, 566.

38. Trevor, D.J.; Whetten, R.L.; Cox, D.M.; Kaldor, A. J. Amer. Chem. Soc.
1985, 107, 518.

39. St. Pierre, R.J. Chronister, E.L.; El-Sayed, M.A. J. Phys. Chem. 1987, 91,
5228.

40. Zakin, M.R.; Cox, D.M.; Kaldor, A. J. Phys. Chem. 1987, 91, 5224.

41. St. Pierre, R.J. Chronister, E.L.; Song, Li; El-Sayed, M.A. J. Phys. Chem.
1987, 91, 4648.

23




42. Song, Li; Eychmuller, A.; EI-Sayed, M.A. J. Phys. Chem. 1988, 92, 1005.
43. Eychmuller, A.; Song, Li; El-Sayed, M.A. J. Phys. Chem. 1989, 93, 404.
44. Song, Li; Eychmuller, A.; St. Pierre, R.J.; EI-Sayed, M.A. J. Phys. Chem.
1989, 93, 2485.

45. Song, Li; EI-Sayed, M.A. Chem. Phys. Lett. 1988, 152, 281.

46. Song, Li; Freitas, J.E.; El-Sayed, M.A. J. Phys. Chem. in press.

47. Koel, B.E.; Crowell, J.E.; Bent. B.E.; Mate, C.M.; Somorjai, G.A. J. Phys.
Chem. 1986, 90, 2949,

48. Morrison, R.T.; Boyd, R.N. "Organic Chemistry”, 4th Ed. 1983, Allyn and
Bacon, Boston. USA.

49. Kittel, C. "Introduction to Solid State Physics", 5th Ed. 1976, John Wiley
and Sons, New York.

50. Hoffman lil, W.F.; Parks, E.K.; Riley, S.J. J. Chem. Phys. 1989, 90, 1526.

24




Table5-1 A list of the m values of the strongest NbyCgHm product mass signal

intensity as a function of cluster size.

compounds m value as a function of cluster size

x= 1 2 3 4 5 6 7 8

1,3,5-hexatriene m= 6 46 4 4 0 0 0 0

1,5-hexadiyne m= 4 2 02 O 0 0 0 0
benzene m= 6 6 6 06 O 0 0 6
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Figure Captions

Figure 1a. A mass spectrum of Nby after reacting with chlorobenzene in the
flow reactor (with a mole fraction of 0.01). Numerical numbers indicate the
value of x in Nbx. The products labelled P1 are Nb2CgHCI, Nb3O, and
Nb2CgH3Cl, respectively. Products labelled P are NbxCgHCI and Nby,10
with x=3, 4, 5, 6 from left to right, respectively. Satellite peaks on the right of
each peak labelled “P" are NbyO2 and Nb,Os3, respectively. This also applies
to all of the other figures where these satellite peaks are not labelled due to
spatial congestion.

1b. A mass spectrum of Nby after reacting with benzonitrile ( CeHsCN)
in the flow reactor (with a mole fraction of 0.002). Each number set in this
figure indicates the x, y, z values in NbxCyH;. Product labelled C is the partial
dehydrogenation product Nb3zC7H3N. D is the "total” dehydrogenation
product NbsC7HN. NboM and NbM;y stand for NboCgHgCN and
Nb(CgHgCN)2, respectively. Peaks labelied “I” are due to contamination of

pyrimidine in the flow reactor.

Figure 2. A mass spectrum of Nby after reacting with pyrimidine. Relatively
strong product NbC2H2N2 ( due to the loss of CaoH2 from NbC4H4N2) was
observed on the far left of the mass spectrum. The number sets (x,y,z) indicate

the x, y, z values in NbxCyH;N2.
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Figure 3a. A mass spectrum of niobium clusters after reacting with pyridine
in the flow reactor (with a mole fraction of 0.08). Each number x indicates the
value of x in Nby. Each number set (x, y, z, w) indicates the values of x, y, z, w
in NbxCyHzNw. For example, the number 1,15,15,3 represents Nb(CsHsN)3.
After losing one H2 molecule, it is presented by 1,15,13,3.

3b. Similar to 3a, but with deuterated pyridine at low concentration
(with a mole fraction of 0.02). All numbers have the same meaning as
explained for 3a.
Figure 4a. A mass spectrum of Nby after reacting with 1,5-hexadiyne. The
number set (x,y,z) indicates the values of x, y, z in NbxCyH;. Each number x
indicate the x value in Nbyx. Products labelled a, b, ¢, d, e are Nb2CgH>,
Nb(CgHg)2C2, Nb(CgHg)2C3, Nb(CgHg)2C4H2, Nb3CgH2, respectively.

4b. A mass spectrum of Nby after reacting with 1,3,5-hexatrieneEach
number x indicates the x value in Nbx. Each set of numbers of (x,y,z) indicates

the values of x, y, z in NbxCyH,.

Figure 5. A mass spectrum of Nby after reacting with CH3CHO. Not all the
products are labelled due to the spatial limitation. The letters in the figure
represent:

a: NbaC; b: Nb2C2aH2; c: NbaCHg; d: Nb2C2: e: NbaCaHg; f: Nb2CO; g:
Nb3C30; h: Nb3OC20; i: Nb3O2C20; j: Nb3(C20)2.

27




INTENSITY

INTENSITY

r——-t-m—:-kh.-

(a) Nby + Chlorobenzene

3 5

Pl PP [P

(b) Nb, + CeH4CN

TIME-OF-FLIGHT (MICROSECONDS)

Fi (?are |




INTENSITY

....-..IAA

Nbyx + Pyrimidine

Eo
'g_ e 580

WO T

50 70
TIME-OF-FLIGHT (MICROSECONDS)

w
—

Fig«_re 2




(a) Nb, +Pyridine

aa
:S =%
e = i
: T
2 o : 6
z| 7| 3 | .
I :‘*J 8

(b) Nby + Deuterated Pyridine

2 a
3
= " 6
pres HP [ va
30 50 70

TIME-OF-FLIGHT (MICROSECONDS)

F 72urc 3




Nbyx + Hexadiyne-1,5

(a)

1 1% [ WY

4 F.NF-FIII
L1 {5

N

o) -4

ALISNH.LNI

(b) Nb, + Hexatriene-1,3,5

gt
T rez

o

‘0%

ALISNALNI

30

TIME-OF-FLIGHT (MICROSECONDS)

Fl'(}ure 4




S ls&i

(SANODJISOYIIN) LHOITA-JO-INWIL

09

T

TN~

O?"AN------

'---—---

£

OHDEHD + AN

ALISNJLNI




c

Office of Naval Research (2)
Chemistry Division, Code 1113
800 North Quincy Street
Arlington, Virginia 22217-5000

Commanding Officer (1)
Naval Weapons Support Center
Dr. Bernard E. Douda

Crane, Indiana 47522-5050

Dr. Richard W. Drisko (1)

Naval Civil Engineering
Laboratory

Code L52

Port Hueneme, CA 93043

David Taylor Research Center (1)
Dr. Eugene C. Fischer
Annapolis, MD 21402-5067

Dr. James S. Murday (1)
Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375-5000

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, VA 22314 (2)

- N

Dr. Robert Green, Director (1)
Chemistry Division, Code 385
Naval Weapons Center

China Lake, CA 93555-6001

Chief of Naval Research (1)

Spec..al Assistant for Marine
Corps Matters

Code O0O0OMC

800 North Quincy Street

Arlington, VA 22217-5000

Dr. Bernadette Eichinger (1)

Naval Ship Systems Engineering
Station

Code 053

Philadelphia Naval Base

Philadelphia, PA 19112

Dr. Sachio Yamamoto (1)
Naval Ocean Systems Center
Code 52

San Diego, CA 92152-5000

Dr. Harold H. Singerman (1)
David Taylor Research Center
Code 283

Annapolis, MD 21402-5067




Professor Max Berkowitz
Department of Chemistry
University of North Carolina
Chapel Hill, North Carolina 27514

Professor Elliot R. Bernstein
Department of Chemistry
Colorado State University
Fort Collins, Colorado 80523

Professor Mostafa EXSayed
Department of mistry
University of Cajfornia, Los Angeles

Los Angeles, Galifornia 90024

Professor Stuart Kauffman
Department of Biochemistry
Biophysics

University of Pennsyivania
Philadelphia, Pennsylvania 19104

Professor Jurgen Kreuzer
Department of Physics
Dalhousie University

Halifax, Nova Scotia B3H 3J5
Canada

Dr. W. E. Moerner

IBM Almaden Research Center
650 Harry Road

San Jose, California 95193

Dr. T. Paviopoulos

Naval Ocean Systems Center
Code 521

San Diego, California 92152-5000

and

Professor Herschel Rabitz
Department of Chemistry
Princeton University
Princeton, New Jersey 08544

Professor Geraldine Richmond
Department of Chemistry
University of Oregon

Eugene, Oregon 97403

Professor Jack Simons
Department of Chemistry
University of Utah

Salt Lake City, Utah 84112

Professor Deanne Snavely
Department of Chemistry
Bowling Green State University
Bowling Green, Ohio 43402

Dr. Carter White

Code 6119

Chemistry Division

Naval Research Laboratory
Washington, D.C. 20375-5000

Professor Michael Zerner
Department of Chemistry
The University of Florida
Gainesville, Florida 32611




